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OBJECT LOCATION SYSTEM AND METHOD USING RFID 

FIELD OF THE INVENTION 

[0001] This invention generally relates to object location systems, and more specifically 
relates to object location systems and radio frequency identification tags (RFIDs). 

BACKGROUND OF THE INVENTION 

[0002] In modern supply management systems there is a growing need for the ability to 
locate and track a wide variety of objects. This can include the locating and tracking of 
objects over wide areas, such as large factories and distribution centers. 

[0003] Unfortunately, previous attempts creating such a system have either relied upon 
relatively expensive technologies such as GPS, or have failed to provide the accuracy and 
reliability desirable for such a system. For example, GPS based systems have relied upon 
complex battery powered devices with high per-unit costs and limited battery life. The cost 
and accuracy limitations of these previous methods have prevented their adoption in 
applications that needed to provide the ability to track and locate large numbers of objects at 
a relatively low per-unit cost. 

[0004] Accordingly, it is desirable to provide an improved method for locating objects. 
In addition, it is desirable to provide an improved system for locating objects. Furthermore, 
other desirable features and characteristics of the present invention will become apparent 
from the subsequent detailed description and the appended claims, taken in conjunction with 
the accompanying drawings and the foregoing technical field and background. 
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BRIEF SUMMARY OF THE INVENTION 

[0005] The present invention provides a system and method for locating objects using 
RFID tags. The system and method uses an RFID reader and a distance calculator to 
efficiently and accurately determine the location of objects that include an RFID tag. The 
RFID reader transmits a plurality of signals to the RFID tag, with the plurality of signals 
having different fundamental frequencies. In response, the RFID tag backscatter modulates 
the plurality of transmitted signals to create a plurality of backscatter modulated signals. 
The RFID reader receives and demodulates the plurality of backscatter modulated signals. 
The distance calculator determines the phase of the plurality of backscatter modulated 
signals and determines a rate of change of the phase in the backscatter modulated signals 
with respect to the rate of change in the fundamental frequency of the transmitted signals 
and uses this information to calculate the distance to the RFID tag. 

[0006] In one specific embodiment, an array of RFID readers is used to determine the 
object location. Again, each of the RFID readers transmits a plurality of signals to the RFID 
tag, with the signals from each RFID reader having different fundamental frequencies. In 
response, the RFID tag backscatter modulates the plurality of transmitted signals to create a 
plurality of backscatter modulated signals. The array of RFID readers receives and 
demodulates the plurality of backscatter modulated signals. The distance calculator 
determines the phase of the plurality of backscatter modulated signals and determines a rate 
of change of the phase in the backscatter modulated signals with respect to the rate of 
change in the fundamental frequency of the transmitted signals and uses this information to 
calculate the distance between each RFID reader and the RFID tag. Using the distances to 
the array of RFID readers and the known location of the readers, an accurate location can be 
determined using trilateration techniques. Thus, the system and method is able to efficiently 
determine an accurate location for objects that include an RFID tag. 
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BRIEF DESCRIPTION OF DRAWINGS 

[0007] The preferred exemplary embodiment of the present invention will hereinafter be 
described in conjunction with the appended drawings, where like designations denote like 
elements, and: 

[0008] FIG. 1 is a schematic view of an object location system in accordance with an 
exemplary embodiment of the present invention; 

[0009] FIG. 2 is a flow diagram of a method for locating an object in accordance with an 
exemplary embodiment of the present invention; 

[0010] FIG. 3 is a schematic diagram of an array of RFID readers in accordance with an 
exemplary embodiment of the present invention; 

[0011] FIG. 4 is a schematic diagram of an array of RFID readers in accordance with a 
second exemplary embodiment of the present invention; 

[0012] FIG. 5 is top view of an exemplary mobile RFID reader in accordance with an 
exemplary embodiment of the present invention; 

[0013] FIG. 6 is a schematic view an exemplary RFID transceiver in accordance with an 
exemplary embodiment of the present invention; 

[0014] FIG. 7 is a schematic view of an exemplary phase angle estimator in accordance 
with an exemplary embodiment of the present invention; 

[0015] FIGS. 8 and 9 are table views of an exemplary data set in accordance with an 
exemplary embodiment of the present invention; and 

[0016] FIGS. 10 and 1 1 are graph views of an exemplary data set in accordance with an 
exemplary embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0017] The following detailed description is merely exemplary in nature and is not 
intended to limit the invention or the application and uses of the invention. Furthermore, 
there is no intention to be bound by any expressed or implied theory presented in the 
preceding technical field, background, brief summary or the following detailed description 

[0018] Generally, the present invention provides a system and method for locating 
objects using Radio Frequency Identification (RFID) tags. The system and method uses the 
phase of backscatter modulated signals from the RFID tags with respect to the fundamental 
frequency of the transmitted signals to efficiently and accurately determine the location of 
objects. 

[0019] RFID is a technology that incorporates the use of electromagnetic or electrostatic 
coupling in the radio frequency spectrum to identify objects to which RFID tags are affixed. 
RFID systems in general provide the advantage of not requiring direct contact or line-of- 
sight scanning. A typical RFID system includes an RFID reader and a plurality of RFID 
tags that are affixed to the objects of interest. The RFID reader includes an antenna and also 
includes or is coupled to a transceiver. The RFID reader uses the antenna and transceiver to 
transmit radio frequency signals to the RFID tag. The RFID reader has the ability to select 
one or more tags by transmitting an identifier that specifies one or more of the tags from a 
plurality of tags. When an RFID reader selects an RFID tag, the RFID tag is put into a 
responsive mode, with other tags going into a muted state. 

[0020] When put into responsive mode, the tag transmits data back to the reader by 
modulating a backscattered signal that is received at the RFID reader antenna. As one 
example, some tags use variable impedance coupled to the antenna that can be used to 
change the amount of energy that is reflected back by the tag. These tags can transmit data 
to the reader by selectively varying the impedance to modulate the backscattered signals. 
Similarly, these tags can be put into a "muted" or non-responsive state by selecting and 
maintaining an impedance value that minimizes the backscattering from that tag. 

[0021] Thus, an RFID reader can be used to select one or more RFID tags and retrieve 
data from the selected tags. As such, RFID tags can be used to identify and track large 
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numbers or objects. Furthermore, because RFID tags have a relatively low per-unit cost, 
they have the ability to track large numbers of objects at relatively low costs. 

[0022] RFID tags are used in a variety of commercial contexts that require a unique 
identification system for large numbers of items. As examples, RFID tags are used in 
everything from department store inventory and checkout systems to the tracking of military 
supplies. RFID systems are often preferred for object identification due to their increased 
range, lack of a line of sight requirement between a tag and its reader, and high multi-tag 
throughput. 

[0023] RFID tags are available in a variety of configurations, shapes and sizes. For 
example, different tags for different applications typically have a shape and size appropriate 
for its application. RFID tags are commonly categorized as active, passive or semi-passive. 
Active RFID tags include an internal battery used to transmit data and typically include the 
ability to read and write greater amounts of stored data than either passive or semi-passive 
tags. Passive RFID tags transmit by reflecting and absorbing energy from the RF 
transmissions from the reader, and use absorbed energy from the reader for data storage, 
retrieval, and manipulation. Semi-passive tags include an internal battery that is used for 
data storage, retrieval, and manipulation, while transmitting data by reflecting and absorbing 
energy from the reader. 

[0024] Passive and semi-passive tags are typically lighter and less expensive than active 
tags. Passive tags offer a virtually unlimited operational lifetime because they do not 
require a battery for operation. The trade off is that they typically have a shorter read range 
than active tags, and require a higher output power from the reader. It is important to note 
that governmental restrictions in many jurisdictions restrict reader output power to ensure 
safety and to minimize interference between devices that must share frequency bands. 

[0025] Passive and semi-passive tags include both read-only tags that are programmable 
once with a unique set of data that cannot be later modified, and read/writeable tags that can 
be rewritten one or more times using a suitable RFID writing device. 

[0026] RFID systems can use a variety of techniques to transmit data to and from the 
tag. For transmission to the tag, the data can be transmitted using any of a variety of 
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modulation techniques, including amplitude modulation (AM), phase modulation (PM), and 
frequency modulation (FM). Furthermore, the data transmitted to the tag can be encoded 
using any of a variety of techniques, including frequency shift keying (FSK), pulse position 
modulation (PPM), pulse duration modulation (PDM) and amplitude shift keying (ASK). 

[0027] As discussed above, passive and semi-passive tags transmit by selectively 
reflecting and absorbing energy from the reader, in a process generally referred to as 
backscatter modulation. Again, in backscatter modulation, the data can be encoded using a 
variety of techniques. For example, the data can be encoded using FSK, where the tag 
absorb-reflects at one rate to represent a first state (e.g., "one") and at another rate to 
represent a second state (e.g., "zero"). As another example, the data can be encoded using 
ASK, where the tag absorb-reflects at one rate for some duration to represent a first state 
(e.g., "one") and ceases back scatter modulation for another duration to represent a second 
state (e.g., "zero"). RFID systems also typically use a variety of different frequency ranges, 
including 30 KHz - 500 KHz, 850 MHz - 950 MHz and 2.4 GHz - 2.5 GHz, depending on 
the regulatory spectrum allocations and performance requirements matched to various 
application requirements. For example, lower frequency systems typically provide better 
electromagnetic penetration through water while higher frequency systems do not. Lower 
frequency passive systems commonly operate within a few inches with small reader 
antennas while higher frequency systems commonly operate within several feet with 
similarly sized antennas. Also, lower frequency regulatory allocations are generally more 
widespread worldwide and typically allow more output power for passive tags than do 
higher frequency systems. However, where higher frequency spectrum is available for 
RFID, such as within FCC regulated domains, the output power is substantial and allows for 
robust long-range performance 

[0028] Turning now to FIG. 1, a schematic view of an object location system 100 is 
illustrated in accordance with an exemplary embodiment of the present invention. The 
object location system 100 includes at least one RFID reader and a distance calculator. The 
RFID reader transmits a plurality of signals to the RFID tag on the object that is to be 
located. The plurality of signals transmitted to the RFID tag are selected to have different 
fundamental frequencies. In response to the transmitted signals, the RFID tag modulates the 
plurality of transmitted signals to create a plurality of backscatter modulated signals. The 
RFID reader receives and demodulates the plurality of backscatter modulated signals. The 
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distance calculator determines the phase in the plurality of backscatter modulated signals 
that were received by the RFID reader. The distance calculator determines the phase of the 
plurality of backscatter modulated signals. From this, the distance calculator determines the 
rate of change of the phase in the backscatter modulated signals versus the rate of change in 
the fundamental frequency of the transmitted signals and uses this information to calculate 
the distance to the RFID tag. 

[0029] In one exemplary embodiment, an array of RFID readers is used to determine the 
object location. In this embodiment, each of the RFID readers transmits a plurality of 
signals to the RFID tag, with the signals from each RFID reader having different 
fundamental frequencies. In response, the RFID tag backscatter modulates the plurality of 
transmitted signals to create a plurality of backscatter modulated signals that are received by 
the array of RFID readers. The distance calculator determines the phase of the plurality of 
backscatter modulated signals. From this, the distance calculator determines the rate of 
change of the phase in the backscatter modulated signals with respect to the rate of change 
in the fundamental frequency of the transmitted signals and uses this information to 
calculate the distance to the RFID tag. Using the distances to the array of RFID leaders and 
the known location of the readers, a highly accurate location can be determined using 
trilateration. Thus, the system and method is able to efficiently determine a highly accurate 
location for objects that include an RFID tag. 

[0030] It should be noted that the distance calculator could be implemented in variety of 
ways. For example, the distance calculator can be fully implemented as part of each RFID 
reader. In another implementation, the distance calculator can be implemented at a central 
location, with the phase and fundamental frequency data used to calculate the distance 
transmitted to the central computer using any suitable networking technology. Finally, the 
distance calculator can be implemented partially in the reader, and partially at a central 
location. For example, the phase determinations can be made at each reader, with the final 
distance and location calculations made at central computer system linked to the readers. 

[0031] As stated above, the plurality of signals transmitted to the RFID tag are selected 
to have different fundamental frequencies. To have a plurality of signals selected to have 
different fundamental frequencies there need only be at least one transmitted signal with a 
fundamental frequency different from at least one other transmitted signal. In general 

7 



UTILITY PATENT APPLICATION 
ATTORNEY DOCKET NO. 022.0047 (1726) 



additional signals with additional different fundamental frequencies provides for increased 
accuracy of the distance calculation. However, it should be noted that nothing prevents the 
utilization of additional transmitted signals that have the same frequency as other 
transmitted signals. Phase measurements taken with transmitted signals having the same 
fundamental frequency as other transmitted signals can be combined with the other phase 
measurements to generate a more accurate overall calculation of the phase versus frequency 
rate of the change. 

[0032] Turning now to FIG. 2, a method 200 for locating an object is illustrated in 
accordance with an exemplary embodiment of the present invention. In the first step 202, 
the RFID tag for the desired objected is addressed. Addressing the RFID tag uses a tag ID 
to select one RFID tag among potentially thousands of others. Addressing puts the selected 
RFID tag into a responsive mode where it will modulate and backscatter received signals 
from the reader. Tags that are not selected will typically go into a muted state, where their 
reflections are intentionally minimized. 

[0033] The next step 204 is to transmit a plurality of signals from the RFID reader to the 
tag, with the signals transmitted having a different fundamental frequency. Again, to 
provide a suitable plurality of transmitted signals there must only be at least one transmitted 
signal with a fundamental frequency different from at least one other transmitted signal, and 
additional transmitted signals can have duplicate frequencies. Furthermore, a "fundamental 
frequency" of a signal, as the term is used in this application, comprises one or more of the 
primary frequency components in the signal. For example, the fundamental frequency of a 
signal can be the frequency of the carrier signal without harmonics. It should be noted that 
the transmitted signal is not necessarily purely sinusoidal and thus may in fact carry 
harmonics due to the need for pulse shaping at the receivers. 

[0034] The plurality of transmitted signals are received by the RFID tag. In response 
to these signals, the selected RFID tag backscatter modulates the plurality of transmitted 
signals to create a plurality of backscatter modulated signals. The RFID reader receives and 
demodulates the plurality of backscatter modulated signals. Because of the fundamental 
frequency difference in the originally transmitted signal, each of the plurality of backscatter 
modulated signals received back at the reader will have a distinct relative phase. 
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[0035] In step 206, the plurality of modulated signals are received back at the RFID 
reader. The next step 208 is to determine the phase for the plurality of modulated signals. 
The phase of the received signals can be determined in variety of ways, such as channel 
demodulation. Such a method will be described in greater detail below. 

[0036] The next step 210 is to determine the rate of change of the phase with respect to 
the rate of change of the fundamental frequency. The rate of change of the phase with 
respect to the rate of change of the fundamental frequency can be calculated from the 
plurality of phase measurements and plurality of transmitted signal fundamental frequencies 
using variety of different techniques. For example, in one application, the rate of change of 
phase with respect to fundamental frequency is determined by performing a linear trend fit 
of phase measurements and corresponding fundamental frequency values. The linear trend 
fit is then used to generate a more accurate rate of change or "estimated slope" of phase and 
frequency. 

[0037] It should be noted that in some applications steps 204 - 210 would be recursively 
continued with more transmissions and phase measurements until the rate of the change 
could be calculated within a specified level of accuracy. For example, the steps 204 - 210 
can be continued until the linear trend fit generates an estimated slope that is within a 
desired confidence level, where the confidence level can be calculated using any suitable 
technique such as "goodness of fit" or any other method of assessing the variance of the data 
trend from a straight line. 

[0038] The next step 212 is to determine the distance between the RFID reader and the 
RFID tag using the rate of change of the phase of the received signal with respect to the rate 
of change of the fundamental frequency of the transmitted signal. As will be explained in 
greater detail later, the distance (D) between the RFID reader and the RFID tag can be 
calculated as: 

D (1.) 

Af An V 
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[0039] Where Acp is the change in phase of the backscatter modulated signals, Af is the 
change in fundamental frequency of the transmitted signals, and c is the speed of light in 
meters per second or feet per second depending on the desirable units of the distance 
measurement. Thus, the distance can be calculated using the rate of change in the phase 
(Acp) of the backscatter modulated signals versus the rate of change in the fundamental 
frequency (A/) of the transmitted signals. 

[0040] In one application, the method 200 can be applied with an array of RFID readers 
to more completely determine the object location. In this embodiment, each of the RFID 
readers performs steps 204 and 206, and the distance to each RFID reader is calculated in 
using the phase for the backscatter modulated signals received at that RFID reader and the 
fundamental frequencies for the originally transmitted signals. Using the distances to at 
least three RFID readers and the known location of those readers, a highly accurate location 
can be determined using trilateration techniques. Thus, the method 200 is able to efficiently 
determine a highly accurate location for objects that include an RFID tag. 

[0041] In these multi-reader applications, steps 204 and 206 will typically be performed 
on a reader-by-reader basis. For example, the plurality of signals will be transmitted and 
received by a first reader, and a plurality of signals then transmitted and received by a 
second reader and so on. This provides the advantage of minimizing interferences that 
could result from multiple concurrent transmissions from multiple readers. 

[0042] The system and method illustrated in FIGS. 1 and 2 can provide a high accuracy 
of object location. For example, an RFID system that uses 900 MHz fundamental 
frequencies can calculate the distance to within a theoretical value of 6 cm when the signal 
to noise ratio is relatively high. Also, because the system and method can use relatively 
inexpensive passive or semi-passive RFID tags, the system and method can be applied to a 
high number of objects at a relatively low per-unit cost. 

[0043] As discussed above, the RFID reader transmits a plurality of signals to the RFID 
tag on the object that is to be located, with the signals selected to have different fundamental 
frequencies. Again, to implement signals with a plurality of different frequencies only a 
least one transmitted signal with a fundamental frequency different from at least one other 
transmitted signal is needed. Furthermore, it should be noted that that nothing prevents the 
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utilization of additional transmitted signals that have the same frequency as other 
transmitted signals. In general however, transmitting more signals with new frequencies 
will be desirable to improve the accuracy of the system. 

[0044] Several different methods and procedures can be used in selecting the 
frequencies of the plurality of transmitted signals. One significant factor is the regulatory 
constraints imposed on the system. For example, in some regulatory systems it will be 
desirable to base frequency selection on channel availability. In another example, frequency 
selection can be randomly selected. 

[0045] Specifically, in certain bands such as 915 MHz and 2.45 MHz ISM bands, the 
FCC and other regulatory agencies allow up to 4 watts of transmitted power if suitable 
spread spectrum techniques are employed. The object location system can be implemented 
to randomly select transmission frequencies (i.e., channels) within one or more frequency 
bands and thus meet the requirements of a spread spectrum system. By randomly selecting 
frequencies and otherwise complying with the regulatory framework, the object location 
system can thus transmit to the higher power level allowed such systems. Transmitting at 
higher power levels increasing the effective range of the system and thus the overall 
performance of the system. 

[0046] As another example, other regulatory bodies such as CEPT in Europe specify the 
use of "listen before transmit" procedures instead of random hopping used in spread 
spectrum. In such a system, the transmitter listens for transmissions at a frequency channel 
before making its own transmission in that channel. If the transmitter detects activity in that 
channel, the transmitter will switch to the next frequency channel. There it will again listen 
to detect other transmissions before transmitting itself. This process is continued until an 
available channel is found and the transmission is made in that available channel. A variety 
of different channel selection algorithms are available to implement such a system based on 
sensing channel occupation or the traditional carrier sense multiple access (CSMA) 
methods. In any event, the object location system can select transmission frequencies using 
the "listen before transmit" procedure in such a way that it is most compatible with the 
regulatory framework for which the system is designed to operate. Without the ability to 
use such a channel selection algorithm the object location system would be limited in the 
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power that can be used in transmitting to the RFTD tag, resulting in less range and accuracy 
for the system. 

[0047] Turning now to FIG. 3, an exemplary array of RFID readers 300 is illustrated in 
accordance with an exemplary embodiment of the present invention. In this example, the 
array of RFID readers 300 includes five separate readers. Each reader in the array is used to 
determine the distance from the reader to a selected object that includes an RFID tag. 
Typically, the readers would be spread throughout an area or facility for which object 
location is desired. For example, readers can be spaced in the ceilings or floors of a large 
warehouse and used to locate objects within the warehouse. 

[0048] The distances from at least three of the readers, and the known positions of those 
readers, can then be used to trilaterate and determine a highly accurate location of the 
selected object. Again, the array of RFID readers transmits a plurality of signals to the 
RFID tag. Specifically, each RFID reader transmits a plurality of signals having different 
fundamental frequencies than at least one signal transmitted by that reader. It should be 
noted the fundamental frequencies of transmitted signals from different RFID readers could 
have the same frequencies, as they are not typically directly compared. 

[0049] In response to the signals transmitted by each reader, the RFID tag produces a 
plurality of backscatter modulated signals that are received by the array of RFID readers. 
The distance between an RFID reader and the RFID tag is calculated using the measured 
phase of the backscatter modulated signals that received by that RFID reader, and the 
corresponding fundamental frequencies for the signals originally transmitted by that reader. 
Specifically, the change in phase with respect to the change in the frequency is used with 
equation 1 described above to calculate the difference. Preferably, multiple signals are 
transmitted and backscatter modulated to each RFID reader until the change in phase with 
respect to the change in fundamental frequency can be calculated within a specified 
confidence level. As one example, a linear trend of phase change with respect to 
fundamental frequency change can be determined by performing a least squares fit analysis 
of the multiple phase measurements and the corresponding fundamental frequencies. This 
linear trend is a more accurate "estimated slope" of the phase change versus the frequency 
change. As the number of the measurements increases, the accuracy of the estimated slope 
and the calculated distance increases. This process can be continued until the least squares 
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fit generates an estimated slope that is within a desired confidence level, where the 
confidence level can be calculated using any suitable technique such as "goodness of fit" or 
any other method of assessing the variance of the data trend from a straight line. This 
process is then continued until the distance from each reader within range of the tag is 
known at the desired confidence level. 

[0050] When the distance from the tag to each RFID reader is calculated, the location of 
the object can be determined using these distances, the known locations of the readers, and a 
suitable trilateration technique. In the example illustrated in FIG. 3, the distance Dl 
between the Reader 1 and the tag, distance D2 between Reader 2 and the tag, and distance 
D3 between Reader 4 and the tag can be calculated and used to determine the location of the 
object relative to the known locations of the readers. Three distance measurements are 
generally sufficient to trilaterate the position of an object, although additional measurements 
from other readers within range of the object can be used to provide additional accuracy. 
Furthermore, as few as one or two readers can be used, although with only one or two 
readers generating distance measurements, the location of the object cannot be completely 
disambiguated. It should be emphasized that this is a simplified example of a typical RFID 
reader arrays, and that the number of readers can be greatly expanded depending on the size 
of the area to be covered and the effective range of the RFID readers. 

[0051] Turning now to FIG. 4, another exemplary embodiment of an RFID reader array 
400 is illustrated. In this embodiment, the array of RFID readers share one RFID 
transceiver 406. Specifically, the array of RFID readers 400 comprises four physically 
distributed antennas 402. Instead of providing a separate RFID transceiver for each antenna, 
the array of RFID readers 400 uses a switch 404 to selectively connect the four antennas to a 
single RFID transceiver 406. This approach provides the ability to reduce cost in some 
applications and minimize interference between RFID readers. It should be noted that in 
other application separate transceivers may be desirable and more cost efficient, depending 
primarily on the relative cost of the separate transceivers versus cost of separate antennas 
and cabling. 

[0052] Again, the RFID reader array 400 can be used to determine the location of 
objects that include RFID tags. The transceiver 406 and switch 404 would be used to 
transmit a plurality of signals having different fundamental frequencies to a selected RFID 
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tag using one or more of the antennas 402. In response to the signals transmitted by each 
reader, the RFID tag produces a plurality of backscatter modulated signals that are received 
by antennas 402, and selectively passed to the RFID transceiver 406 by switch 404. The 
phase for these signals can then be determined, and the distance between each antenna and 
the selected RFID tag can be calculated using the rate of change of the phase and the rate of 
change of the corresponding fundamental frequencies. 

[0053] The RFID reader array 400 offers several advantages; the most notably being 
that by sharing transceivers among multiple antennas, the RFID reader array 400 is able 
provide the same object location ability at a reduced cost and complexity in many 
applications. For example, an implementation can use multiple antenna sets, each coupled 
through a switch to a transceiver, with the multiple transceivers coupled together to cost 
effectively cover a large area with RFID readers. 

[0054] In systems such as those illustrated in FIGS. 3 and 4, it is desirable to 
compensate for cable differences and other connection lengths to minimize the effect on the 
measured phases. This calibration can be done by either measuring the distance to a known 
tag location relative to the RFID reader, or by switching the antenna to a known backscatter 
reference and setting that distance to zero. 

[0055] In addition to using fixed readers, the system and method can also be applied to 
mobile readers. Specifically, a hand-held or other mobile reader can selectively activate 
RFID tags and determine the distance to the RFID tag using the methods described above. 
Additionally, by further determining the location of the mobile reader, the mobile reader's 
distance measurements can be combined with other measurements from other readers to 
trilaterate the location of the object. Furthermore, the mobile unit itself can be used to take 
multiple distance measurements from different locations that in turn can be used to 
trilaterate the location of the object. 

[0056] Turning now to FIG. 5, an exemplary mobile RFID reader 500 is illustrated. 
The mobile RFID reader 500 is exemplary of the type of mobile readers that can be adapted 
for use to locate objects using the system and method described above. The mobile RFID 
reader 500 is thus used to determine the location of objects that include an RFID tag. To 
facilitate this, the RFID reader 500 itself includes an RFID tag 502. The RFID tag 502 
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means that the location of the mobile RFID reader 500 can be determined with other RFID 
readers using the system and methods described above. With the position of the mobile 
RFID reader 500 determined, the mobile RFID reader 500 can be used as one of an array of 
RFID readers to accurately determine the location of an object that includes another RFID 
tag. It should be noted the RFID tag on the mobile reader could be implemented by 
emulating the behavior of a tag using an antenna, transistor, rectifier and the existing 
microprocessor on the mobile reader. In this example, the transistor is driven by the 
microprocessor to create backscatter modulation that imitates a conventional RFID tag. 

[0057] The mobile RFID reader 500 can communicate with the system using any 
suitable protocols and methods. For example, the mobile RFID reader 500 can 
communicate using telephony communication standards, or using other wireless protocols 
such as WLAN radios that use IEEE 802. 1 1 (b). 

[0058] It should be noted that while the presence of the RFID tag 502 on the mobile 
reader 500 provides an effective way to determine the location of the mobile reader 500, that 
other methods could also be used to determine its location. For example, the location of the 
mobile reader can be determined using the WLAN transmissions to and from the reader. 
Generally, the trade-off is that location based on phase and frequency differences of 
modulated backscatter signals are much more accurate than those based on half-duplex 
systems such as WLANs that do not produce accurate phase references. 

[0059] Turning now to FIG. 6, a RFID transceiver 600 is illustrated in accordance with 
an exemplary embodiment of the present invention. The RFID transceiver 600 is an 
example of the type of RFID transceiver that can be used in RFID reader(s) in the object 
location system and method. The RFID transceiver 600 is designed to transmit and receive 
signals to and from a selected RFID tag. Furthermore, the RFID transceiver 600 includes a 
quadrature demodulator. Quadrature demodulators are typically used in quadrature 
amplitude modulation (QAM) systems that combine two amplitude-modulated signals into a 
single channel, with two carriers ("I" and "Q") having the same fundamental frequency but 
differing in phase, typically by 90 degrees. In quadrature demodulation, the two carriers are 
separated, and the data is extracted from each, and then the data is combined into the 
original modulating information. The RFID transceiver 600 uses a quadrature demodulator 
to provide a mechanism for determining the phase of the received backscatter modulated 
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signal relative to the transmitted signal. Specifically, the AC amplitudes of the separately 
demodulated "I" and "Q" channels will be used to determine the relative phase of the 
received backscattered signal. Of course, this is just one example, and other transceiver 
implementations could be used with other demodulation techniques. 

[0060] The RFID transceiver 600 includes a modulator 602, a variable gain amplifier 
604, a power amplifier 606, a band-pass filter 608, a circulator 610, a band pass filter 614, 
an automatic gain control 616, demodulators 620 and 622, band pass filters 624 and 626, 
buffers 628 and 630, and phase-locked-loop oscillator 632. The transceiver 600 transmits 
signals and receives signals through the antenna 612. Of course, additional antennas could 
be added using a switch as was described with reference to FIG. 4 above. 

[0061] In general the transceiver 600 transmits to and receives signals from selected 
RFID tags that are in the responsive mode. To transmit data, the transceiver encodes 
transmission data onto a carrier waveform generated by oscillator 632 and broadcasts the 
signal through the antenna 612 to the RFID tag. Specifically, to transmit data the 
transceiver 600 uses the modulator 602 and the variable gain amplifier 604 to modulate the 
carrier signal generated by oscillator 632 with the transmission data (TX Data). The power 
amplifier 606 amplifies the modulated signal, which is passed through band pass filter 608. 
The circulator 610 acts as a selective coupler element to antenna 612, where the modulated 
signal is transmitted to the RFID tags, and substantially isolated from the directly connected 
receiver. 

[0062] To receive data from the tag, the transmitter ceases carrier modulation and the 
receiver receives the modulated backscattered signal via the antenna, strips the signal from 
the carrier signal, and converts the stripped signal into an in phase "I" component and a 
quadrature "Q" component. These components can then be independently digitized and sent 
to a processor for bit recovery, where they can be interpreted by the RFID reader and/or 
other related systems. Additionally, these components can be used to determine the phase 
of the received signal relative to the originally transmitted signal, with the phase of the 
originally transmitted signal serving as a reference measurement to determine the change in 
phase between the different received signals. 
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[0063] Specifically, the transceiver 600 receives backscatter modulated signals from the 
RFID tag via antenna 612. The circulator 610 again acts as a selective coupler element, this 
time coupling the antenna 612 to the band pass filter 614. The received signal may then be 
amplified by the automatic gain control 616. This amplified signal may then be carrier- 
demodulated in quadrature using mixers 620 and 622 and phase shifter 618, which 
collectively provide two demodulators. This demodulation results in an in-phase signal 
Iac+dc and the quadrature signal Qac+dc- Each of these signals is passed through a 
corresponding band-pass-filter (624 and 626) and buffers (628 and 630) before the separate 
signals are further processed. 

[0064] It should be noted that in this embodiment the demodulator uses the same signal 
generated by the phase-lock-loop oscillator 632 that is used for carrier generation of the 
originally transmitted signal. As such, the phase of this signal can serve as a reference by 
which the phase change of the received signals can be measured. Specifically, by 
determining the phase for multiple received signals with respect to the carrier signal, the 
relative change in phase between those received signals can be calculated. Thus, 
determining the phase difference of the received backscatter modulated signal compared to 
the originally transmitted signals provides a mechanism for determining the rate of change 
in the phase of the plurality of backscatter modulated signals. 

[0065] Again, this is just one example of an RFID receiver that can be used for object 
location. For example, other suitable receivers use separate transmit and receiver 
configurations. Yet other suitable receivers replace the circulator component with a 
directional coupler. The advantage of a directional coupler is much lower cost and smaller 
size but the disadvantage is significant signal loss, hence much lower performance 

[0066] It also should be noted that in many cases the transmissions received by the 
antenna would include significant noise and other error components. To minimize such 
errors it may be desirable to use various error cancellation techniques. Examples of suitable 
error cancellation techniques are found in the patent application entitled "Full-Duplex Radio 
Frequency Echo Cancellation" by Mark Duron and Raj Bridgelall, filed October 21, 2003, 
serial number 10/690,390 and assigned to Symbol Technologies Inc. 
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[0067] With backscattered signals from the RFID tag demodulated, the phase can be 
determined and used to calculate the distance to the object. As described above, the distance 
calculator determines the phase in the plurality, of backscatter-modulated signals that were 
received by the RFID reader. From the change in phase and the corresponding change in 
fundamental frequency in the originally transmitted signals, the distance calculator 
calculates the distance to the RFID tag using equation 1 . The phase differences can then be 
determined using a variety of different techniques and devices. As one example, the phase 
of each backscattered signal is referenced to the phase of the originally transmitted signal. 

[0068] One method for determining the phase of the received signals is to measure the 
AC amplitude of both I and Q channels and use those measurements to determine the phase 
angle. That is, the peak-to-peak AC amplitude of the I and Q channel can be averaged over 
some predetermined time period. The relative phase O of the received signal as compared 
to the carrier phase can be determined as: 



CD =arctan^^ (2.) 

^ amp 



[0069] Where Qamp is the average AC amplitude in the Q channel and Iamp is the 
average AC amplitude in the I channel. With the relative phase O of multiple backscatter- 
modulated signals calculated, the phase change between those signals can be calculated and 
used with the corresponding fundamental frequencies of the transmitted signals to determine 
the distance to the tag. 

[0070] Of course, this is just one example of how the phase of the received 
backscattered signals can be calculated. Turning now to FIG. 7, another exemplary phase 
angle estimator 700 is illustrated. The phase angle estimator 700 uses the mathematical 
technique of matrix rotation to determine the phase of the signals. In the illustrated 
implementation, the I channel signal Iac+dc quadrature signal Qac+dc are passed to a DC 
offset remover 702. This removes the DC portion of the I and Q channel signals, leaving 
only the AC portions of each signal. Additionally, noise rejection can be done at this point 
as well. 
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[0071] The I channel signal I A c an quadrature signal Qac are then passed to matrix 
rotation mechanism 704. The AC amplitudes of these signals are loaded into the matrix. 
Again, these AC amplitudes can be determined by averaging the AC amplitude over a 
selected time period. The matrix is then mathematically rotated until the signal in the Q 
channel is minimized and the signal in the I channel is maximized. The angle of matrix 
rotation needed to maximize the signal in the I channel is equal to the relative phase of the 
received signal. In the illustrated example, the minimization of signal in the Q channel is 
done using a least squares estimate minimization technique. Of course, other suitable 
techniques could also be used. This method also has the advantage of moving all of the 
signal to the I channel, where the information in the channel can be recovered and decoded 
using any suitable technique. Again, with the relative phase of multiple backscattered 
signals calculated using the phase angle estimator, the phase change between those signals 
could be calculated and used to determine the distance to the tag. 

[0072] It should be noted that methods and systems described above for measuring the 
phase angle of signals cannot always completely disambiguate the phase of a received 
signals. Specifically, using the arctangent of the amplitudes will always generate a result of 
between 0 and 2% radians, when in fact the actual phase can be much greater than 2n. In 
general, the original measured phase values are referred to as "wrapped", and the process of 
determining the actual, nominal phase values from the wrapped values is called "phase 
unwrapping". 

[0073] Thus, phase unwrapping is a technique that can be used to determine the nominal 
phase change over a linear span of corresponding fundamental frequencies. One method of 
phase unwrapping is to linearize the phase shift from the wrapped values. Specifically, the 
phase unwrapping is accomplished by adding or subtracting multiples of 2n until the phase 
measurement in question shows a consistent trend over a frequency span. 

[0074] As one example of unwrapping, when a set of monotonically increasing 
fundamental frequencies are used, a monotonic set of phase measurements should result 
after accounting for any noise. For particular phase measurements that do not follow the 
monotonic trend, they can be unwrapped by adding or subtracting multiples of 2n until they 
show a linear trend over a linear frequency span. A variety of different phase unwrapping 
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algorithms are available that can be adapted for this use, such as signal processing tools 
available in MATLAB. 

[0075] Turning now to FIG. 8, a table 800 illustrates an exemplary data set from which 
the distance to an RFID tag can be determined using an exemplary embodiment of the 
present invention. Specifically, the table 800 lists 14 transmitted signal fundamental 
frequencies and a corresponding 1 4 measured relative phase measurements. It should first 
be noted that this is just one example data set, and that typical data sets could include more 
or less data points. It should also be noted that while example data set shows equal 
distances between fundamental frequencies, that this will not be the case in many 
applications. 

[0076] In the example of table 800, the frequency order of the transmitted signals was 
randomly selected. Again, when random frequency hopping is used the system operates as 
spread spectrum system and can transmit with increased power under current regulations. 
Again, this is just one example, and in other cases different frequency hopping procedures 
can be used. 

[0077] The phase measurements illustrated in table 800 are wrapped, again meaning that 
the phase measurements are limited to values between zero and 2n radians. These values 
thus do not represent the actual relative phase values, and to accurately calculate the 
distance it is desirable to unwrap the phase measurements. Turning now to FIG. 9, a table 
900 lists the 14 transmitted signal fundamental frequencies in order of fundamental 
frequency and a corresponding unwrapped 14 measured relative phases. These unwrapped 
phase values correspond to the actual relative phase of the received backscatter modulated 
signals. Again, these unwrapped phase values can be determined by a variety of phase 
unwrapping techniques, such as adding multiples of 2tz until a consistent linear phase trend 
is recovered. 

[0078] Turning now to FIG. 10, a graph 1000 illustrates the wrapped phase 
measurements and the unwrapped phase measurements of tables 800 and 900. As can be 
seen, the unwrapping of phase measurements results in phase measurements that follow a 
consistent trend. Using phase unwrapping techniques, the underlying phase can be 
determined even in the presence of significant noise and multi-reflections. 
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[0079] With the unwrapped phase measurements determined, the distance can be 
determined by calculating the rate of change of the phase with respect to the rate of change 
of the fundamental frequency. As one example, a linear trend fit of the unwrapped phase 
measurements the fundamental frequencies can be performed to determine the rate of 
change. Turning now to FIG. 11, a graph 1100 illustrates the unwrapped phase 
measurements of table 900 and graph 1 000 along with an exemplary linear trend calculated 
from the phase measurements. The linear trend can be calculated from the data using a 
variety of techniques such as least squares fit. When calculated the linear trend gives a more 
accurate calculation of the phase change with respect to the frequency change in the form of 
the slope of the trend fit line. In the illustrated example, the slope of the linear trend is 
9.01E-07 radians/hertz. When calculated, the slope of the linear trend fit line can be used as 
Acp/A/^in equation 1 to calculate the distance. In this example, using the slope of the linear 
trend fit line in equation 1 gives a distance measurement of 21 .4 meters. Thus, the linear fit 
method is able to overcome noise in the data such as noise created by multi-path reflections, 
interference and non-coherent transmissions. Again, this is just one specific example of 
how a linear trend fit can be used to determine the rate of change of the phase and frequency 
to calculate the distance to an object with an RFID tag. 

[0080] The present invention thus system and method for locating objects using RFID 
tags. The system and method uses one or more RFID readers and a distance calculator to 
efficiently and accurately determine the location of objects that include an RFID tag. The 
RFID reader transmits a plurality of signals to the RFID tag, with the plurality of signals 
having different frequencies. In response, the RFID tag backscatter modulates the plurality 
of transmitted signals to create a plurality of backscatter modulated signals. The RFID 
reader receives and demodulates the plurality of backscatter modulated signals. The 
distance calculator determines the phase of the plurality of backscatter modulated signals 
and determines a rate of change of the phase in the backscatter modulated signals versus the 
rate of change in the fundamental frequency of the transmitted signals. The distance 
calculator then uses the rates of change information to calculate the distance to the RFID 
tag. 

[0081] The embodiments and examples set forth herein were presented in order to best 
explain the present invention and its particular application and to thereby enable those 
skilled in the art to make and use the invention. However, those skilled in the art will 
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recognize that the foregoing description and examples have been presented for the purposes 
of illustration and example only. The description as set forth is not intended to be 
exhaustive or to limit the invention to the precise form disclosed. Many modifications and 
variations are possible in light of the above teaching without departing from the spirit of the 
forthcoming claims. 
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